Pair bonding in prairie voles (Microtus ochrogaster) has been used extensively as a model for investigating the neural basis of social attachment. Both in the field and in the laboratory, this species displays characteristics associated with a monogamous life strategy (Getz et al., 1981) , the most prominent of which is the formation of pair bonds between males and females. In the laboratory such pair bonds are manifested by a robust preference to associate with the familiar partner versus with a conspecific stranger (Getz et al., 1981) . Importantly, such partner-preferences can be readily quantified in an experimental setting and provide a benchmark by which the effects of experimental manipulations can be assessed.
Recently, increasing attention has been paid to the role of reward processing in pair bond formation. The involvement of the prefrontal cortex , nucleus accumbens (Aragona et al., 2003a; Gingrich et al., 2000; Liu and Wang, 2003; Wang et al., 1999) , and ventral pallidum Pitkow et al., 2001) in pair bonding supports the suggestion that activation of central "reward circuitry" plays a critical role in pair bond formation (Insel, 2003) . Consistent with this notion, mating, which facilitates pair bond formation in this species, also is known to activate brain regions associated with reward processing (Mermelstein and Becker, 1995; Pfaus et al., 1990) . Thus, pair bond formation by prairie voles may present an excellent model in which to examine the effects of potentially rewarding stimuli.
A number of studies have identified neurochemical systems that are important for pair bond formation and/or expression. Although there are sex-specific sensitivity differences, neurochemicals associated with pair bonding such as dopamine, vasopressin, and oxytocin appear to act similarly in both sexes in the regulation of social attachment (Cho et al., 1999; Aragona et al., 2003b; Gingrich et al., 2000) . An exception to this pattern is found in the effects of the adrenal stress hormone corticosterone for which the effects on pair bonding in monogamous voles are sexually dimorphic (DeVries et al., 1996) . Under normal circumstances, the formation of a pair bond by monogamous voles requires many hours of exposure to the partner. However, when corticosterone levels are chronically reduced via adrenalectomy, female prairie voles may form pair bonds within 1 h of exposure to a male . In contrast, acute increases in corticosterone enhance, while adrenalectomy inhibits, the formation of pair bonds in male prairie voles (DeVries et al., 1996) .
The information above suggests that, in male voles, increased glucocorticoid receptor activation enhances the reward value of the female. Such a response would be in accord with an extensive literature showing that the effects of stress or elevated corticosterone augment reward (Marinelli and Piazza, 2002) . In contrast, adrenalectomy enhances pair bonding in females, suggesting that reductions in glucocorticoid receptor activation may be rewarding in female prairie voles, a suggestion that is contrary to the widely accepted view that corticosterone enhances reward. Most of the work examining the effects of stress on reward processing has been done in males and there are few studies directly comparing the effects of stress on reward processing between males and females. In one such study, Haney et al. (1995) showed that social stress affected self-administration of cocaine similarly in both sexes. In general, although several studies reported sex differences in the magnitude of responses to stress, we could find no reports in which stress produced opposite effects on reward processing in males and females in other species. Thus, the first goal of the present study was to test the possibility that reduction in glucocorticoid receptor activation is rewarding in female voles by examining the effects of Type I, mineralocorticoid receptor (MR) and Type II, glucocorticoid receptor (GR) blockade on pair bond formation. Since pair bond formation likely involves a significant reward component, facilitation of pair bonding by GR blockade would provide evidence that GR blockade is rewarding in female prairie voles.
Any effects of GR blockade on reward processing likely involve interactions with central dopamine systems. Dopamine exerts its effects via activation of two families (D 1 and D 2 ) of receptors (Missale et al., 1998) and a number of studies have examined roles for each in reward processing. For example, the reward associated with self-administered cocaine is reduced by administration of a D 1 type antagonist into the ventral tegmental area (VTA) in rat (Ranaldi and Wise, 2001) . Similarly, blockade of D 2 type dopamine receptors in the VTA reduces self-administration of morphine (David et al., 2002) . Finally, Ikemoto et al. (1997) showed that concurrent activation of both types of dopamine receptors in nucleus accumbens plays a role in reward processing, possibly via a synergistic interaction. These studies show that blockade of either type of dopamine receptor potentially can reduce the reward value of certain stimuli. Thus, in the second part of this study, we test the ability of a variety of dopamine receptor antagonists to counteract the effects of GR blockade, thus providing further evidence that GR blockade may enhance reward in female prairie voles.
EXPERIMENTAL PROCEDURES
All procedures followed accepted animal care and use guidelines and were approved by the Institutional Animal Care and Use Committee at Florida State University. Care was taken to minimize the number of animals used and to minimize discomfort. All drugs were purchased from Sigma-Aldritch, St. Louis, MO, USA.
Subjects were female offspring of the F4 generation of a laboratory colony of prairie voles (Microtus ochrogaster) originating from Illinois. After weaning at about 21 days of age, pups were kept in same-sex sibling pairs until used in experiments. All animals were housed in plastic shoebox style cages (29ϫ19ϫ13 cm) under a 14/10-h light/dark cycle with ad libitum food and water. All subjects were about 70 days of age at the time of the experiments.
Neither of the GR antagonists we employed (RU-486 and spironolactone) is water-soluble. Previously we have used sesame oil as a vehicle for non-soluble compounds, however, in those cases, animals received oil at least 1 day prior to experimental manipulations . In the present experiment however, animals receiving acute injections of the oil vehicle displayed a partner preference (see results, experiment 1). Thus we instead used propylene glycol as a vehicle for drugs injected i.p. Propylene glycol has previously been used in voles with no apparent effect on behavior (Lonstein, 2002) . Dosages were calibrated such that each animal received 100 l of propylene glycol/ 40 g body weight.
Experiment 1
Females were randomly assigned to experimental groups that received i.p. injections of either vehicle or vehicle containing the GR antagonist RU-486 (0.4, 4.0 or 40 mg/kg) or the MR antagonist spironolactone (4.0 or 40 mg/kg). An additional group received a mixture containing 4.0 mg/kg of RU-486 and 5.0 mg/kg of progesterone to control for the possibility that effects of RU-486 were via reduction of progesterone activity. Immediately after drug administration each female was paired with a male for 6 h of non-sexual cohabitation. Throughout the cohabitation period, the animals' interactions were videotaped (Panasonic time-lapse video recorder (12:1 compression) and low-light camera) for detailed behavioral analysis. Videotapes were subsequently examined to verify the absence of mating.
At the end of the 6 h cohabitation period, each female was tested for a partner preference. The apparatus for the partner preference test consisted of a central cage (20ϫ25ϫ45 cm) joined by hollow tubes (7.5ϫ16 cm) to two identical parallel cages. One of these latter cages contained the familiar male partner, and the other contained an unfamiliar, conspecific male. The males were tethered to restrict their movements to their respective cages and thus had no direct contact with each other. The female was released into the central cage and had free access to all cages. All cages contained food and water. A customized computer program (R. Henderson, Florida State University) using a series of light beams across the connecting tubes was used to monitor movement of the female among the cages. The computer program recorded the amount of time the female spent in each cage and the number of transits between cages. Throughout the test, the animals again were videotaped for behavioral analysis. Variables included the time spent by the female in each male's cage, number of transits between cages (measures of activity to ensure that treatments did not affect locomotor behavior), and the frequency and amount of time the female spent in direct contact with each male. The amount of time females in each group spent in the neutral cage was assessed as a measure of time spent in isolation. Each test lasted for 3 h. For each group, comparisons of time spent in direct contact with the partner vs. that with the stranger (partner preference) were made using a paired t-test. Between groups treatment effects on other behavioral measures were evaluated using one-way analysis of variance (ANOVA).
Spironolactone can alter body fluid regulation (Rahmouni et al., 1999) , and thus may alter the activity of oxytocin and vasopressin systems, both of which, in turn, can impact pair bonding (Cho et al., 1999) . Therefore, any effects of spironolactone on pair bonding could be indirect. Thus, in a separate experiment, 13 female voles were given access to graduated drinking tubes containing 0.15 M NaCl for 1 week to acclimate them to the presence of a sodium source and then were given a less palatable 0.25 M NaCl solution for 24 h. Six hour baseline intakes of 0.25 M NaCl then were recorded. The following day, females were injected with 40 mg/kg of spironolactone (nϭ7) or with vehicle (nϭ6) and 6 h saline consumption again was recorded. Saline intakes were compared using two-way repeated measures ANOVA.
RESULTS
As mentioned, all groups that received i.p. injections of sesame oil displayed partner preferences regardless of whether RU-486 was present or not (Table 1) . Replacing sesame oil with propylene glycol as an injection vehicle eliminated this confound (Fig. 1) .
Both spironolactone and RU-486 were capable of affecting partner preferences in female prairie voles (Fig. 1) . As expected vehicle treatment did not produce partner preferences after 6 h of non-sexual cohabitation (tϭ0.54, Pϭ0.61). Blockade of GRs with the highest dose (40 mg/ kg) of either drug induced a significant preference for the familiar partner versus the conspecific stranger tϭ1.90, PϽ0.05; spironolactone, tϭ4.57, PϽ0.01) . RU-486 also was capable of partner preference induction at 4.0 mg/ kg, both with (tϭ2.80, PϽ0.03) and without (tϭ7.23, PϽ0.001) progesterone, but not at 0.4 mg/kg (tϭ0.91, Pϭ0.39). Spironolactone was ineffective at a dose of 4.0 mg/kg (tϭ1.53, Pϭ0.17).
Treatment effects were not found for other social factors or for non-social factors such as locomotor activity. There were no group differences in combined time spent in contact with stimulus animals (F 5,47 ϭ0.75, Pϭ0.59), time spent in the center cage (F 5,46 ϭ1.9, Pϭ0.11), or locomotor activity (F 5, 46 ϭ0.27, Pϭ0.93) . MR blockade did not induce saline intake. There were no group differences in baseline saline intake (F 1,22 ϭ0.07, Pϭ0.80) or intake after spironolactone treatment (F 1,22 ϭ0.38, Pϭ0.54), and no interaction (F 12, 22 ϭ0.28, Pϭ0.60).
Experiment 2
The ability of RU-486 to induce pair bonds suggests that GR blockade is rewarding in female prairie voles. We tested this possibility further by pre-treating females with dopamine receptor antagonists prior to RU-486 treatment. Females were outfitted with guide cannulae aimed at the lateral ventricles (stereotaxic coordinates from Bregma: 1.8 mm caudal, 1.1 mm lateral, 2.0 mm ventral) and allowed 3 days of surgical recovery. On the test day, animals were randomly assigned to groups that received i. (50, 200, or 350 ng) . This treatment was followed immediately by i.p. administration of 4.0 mg/kg RU-486 and each subject then was paired with a male for 6 h and tested for a partner preference as in experiment 1.
RESULTS
As expected from the results of experiment 1, 4.0 mg/kg of RU-486 induced partner preferences when paired with i.c.v. administration of vehicle (tϭ3.41, PϽ0.01; Fig. 2 
DISCUSSION
Stress can significantly impact pair bond formation in monogamous voles (DeVries et al., 1996) , presumably via changes in circulating levels of corticosterone. In female prairie voles, stress and the associated increases in corticosterone inhibit the formation of pair bonds (DeVries et al., , 1996 whereas adrenalectomy facilitates pair bond formation . Moreover, upon exposure to a male, sexually naïve prairie vole females experience a significant decline in circulating corticosterone within 1 h . These results suggest that reduction of GR activation is important in the formation of pair bonds by female voles. Here we extend these findings by showing that acute blockade of GRs also is capable of facilitating pair bond formation. We further show that dopamine receptor antagonists can block the effects of a GR antagonist on pair bonding. Together these observations suggest that, in female voles, acute reductions in GR activation may increase the reward value associated with the male. 
GR blockade and pair bonding
Corticosterone effects are the result of binding to two types of receptors (Douma et al., 1998) : a high affinity (Type I) MR and a lower affinity (Type II) GR. High basal levels of circulating corticosterone, such as are found in monogamous voles (Taymans et al., 1997) , likely result in activation of both types of GRs (de Kloet et al., 1993) , while activation of both types of GRs is reduced in adrenalectomized voles (Hastings et al., 1999) . Although activation of the two types of GRs produces opposing actions on a variety of measures in other species (de Kloet et al., 1993) , we found that either MR or GR receptor blockade could facilitate pair bonding in the female voles.
It must be noted that GR blockade could affect pair bonding indirectly. For example, blockade of MR can alter mechanisms involved in body fluid regulation (Rahmouni et al., 1999) . These actions, in turn, could affect pair bonding by altering central vasopressin and/or oxytocin activity that is implicated both in fluid regulation and in pair bond formation (Cho et al., 1999) . The fact that we did not find changes in saline ingestion after spironolactone treatment suggests that changes in body fluids were not a significant factor. It also should be noted that, in addition to blocking GR, RU-486 has anti-progesterone effects (Truss et al., 1994) , while spironolactone has anti-androgen effects (Yamasaki et al., 2004) . As reflex ovulators, prairie voles do not experience cyclic fluctuations in progesterone and functional corpora lutea are not observed until at least 10 h after mating (Carter et al., 1989) . Even 48 h exposure to males and male-associated stimuli was insufficient to induce elevation of circulating progesterone (Cohen-Parsons and Carter, 1988) . These results suggest that a pair bond can be formed in the absence of increases in circulating progesterone. Similarly, decreases in progesterone appear to have minimal impact on pair bond formation. Under cohabitation conditions of the same duration as used in the present study, ovariectomized females did not form partner preferences (Williams et al., 1992) . Further, in the present study, RU-486 induction of pair bonding was unimpaired by co-administration of progesterone at a dose approximately two-to four-fold higher than is typically used to induce lordosis behavior in estrogen primed rats (Pfaus et al., 2000; Witt and Insel, 1991) . This suggests that the effects of RU-486 could not be attributed solely to its anti-progesterone activity. Finally, other behaviors associated with pair bond formation, such as increased aggression and decreased affiliation with strangers are unaffected by ovariectomy (Bowler et al., 2002) . Thus, it is unlikely that the pair bonding responses seen in the present study result from the anti-gonadal-hormone activities of RU-486 and spironolactone.
Spironolactone induced significant changes in a complex suite of behaviors, suggesting that it is acting centrally. The highest densities of MR within the brain are consistently found in the hippocampus (Ahima et al., 1991; Herman, 1993) , suggesting this brain region as the obvious site for MR effects. Although a direct role for the hippocampus in pair bonding has not been examined, it is known that this region is not involved in mate recognition in voles (Demas et al., 1997) . Nonetheless, MR blockade within the hippocampus could induce pair bond formation indirectly by altering the activity of the VTA (Floresco et al., 2001; Legault et al., 2000) , a major source of central dopamine which, in turn, is known to play a role in pair bonding. MR also are found in the accessory olfactory system and medial amygdala, lateral septum, bed nucleus of the stria terminalis, ventral pallidum, and nucleus accumbens (Ahima et al., 1991) , each of which has previously been implicated in pair bond formation Gingrich et al., 2000; Wang et al., 1997) .
Basal circulating corticosterone levels are approximately 10-fold higher in prairie voles than in promiscuous vole species or in rats or mice Hastings et al., 1999; Taymans et al., 1997) . Nonetheless, prairie voles are capable of further stress-induced increases in circulating corticosterone (Taymans et al., 1997; DeVries et al., 1995) which tend to act primarily on GR (Burgess and Handa, 1992; de Kloet et al., 1993) . As with MR, GR are widely distributed throughout the brain and in many cases the distributions of the two GR types overlap (Ahima et al., 1991; Ahima and Harlan, 1990) . One region in which there may be some difference in the relative densities of the two types of GRs is the shell portion of NAcc (Ahima et al., 1991; Ahima and Harlan, 1990) , an area strongly implicated in pair bonding (Aragona et al., 2003a; Gingrich et al., 2000) . This suggests that GR blockade may affect pair bonding via interaction with central dopamine "reward" pathways.
Interaction with central dopamine
GR-blockade induction of pair bond formation suggests that such blockade enhances the effects of rewarding stimuli in female voles. This is in contrast to the widely accepted view that corticosterone enhances the rewarding properties of stimuli such as psychostimulant drugs (Marinelli and Piazza, 2002) . Experimental examination of the effects of stress on reward processing has not been attempted in voles, thus it is unknown whether the same responses occur in both sexes in this species as are seen in other laboratory rodents. If stress enhances rewarding stimuli in male voles as is seen in other rodents, while reducing the effects of rewarding stimuli in females, these results could account for the sexual dimorphism in the effects of stress on pair bonding in monogamous voles (DeVries et al., 1996) .
The validity of the proposal that GR blockade may interact with central reward pathways to affect pair bonding depends on establishing an interaction between GR blockade and central dopamine systems. Our finding that the effects of RU-486 on pair bonding are antagonized by dopamine receptor blockade suggests that corticosterone indeed may interact with central dopamine systems during social bonding. The ability of eticlopride to block GR blockade-induced pair bonds was not unexpected since it is well-established that D 2 receptor activation plays an important role in pair bond formation (Aragona et al., 2003b; Gingrich et al., 2000; Wang et al., 1999) . Physical and social stress can alter dopamine release in NAcc (Abercrombie et al., 1989; Tidey and Miczek, 1996) which has been implicated in pair bonding in prairie voles (Aragona et al., 2003a) . While it is unlikely that MR blockade exerts its effects within NAcc (Marinelli et al., 1998) , there is evidence that GR and the dopamine system may interact in this brain region. Thus corticosterone could affect pair bonding via effects in this region
The ability of a D 1 dopamine receptor antagonist to inhibit pair bonding induced by RU-486 was somewhat unexpected. A previous study found that D 1 receptor blockade did not interfere with mating-induced partner preference formation in female prairie voles (Wang et al., 1999) . Several explanations, such as drug dose and route of administration, may account for this apparent discrepancy between the previous (Wang et al., 1999) and present studies. In addition, a 24 h paradigm that incorporated mating was employed in the previous study while a 6 h paradigm without mating was used in the present study. Since it is unclear how mating and GR blockade may differ with respect to interactions with other neurotransmitter systems implicated in pair bonding, it is possible that the mechanisms by which mating and GR blockade induce pair bonds differ.
The VTA is a major source of dopamine within the brain and may be an important point of convergence between stress-mediated and reward-mediated effects on pair bonding. Saal et al. (2003) demonstrated substantial synaptic reorganization within the VTA after exposure to stress that could be blocked by RU-486. Similar changes have been shown to occur within 2 h after amphetamine treatment (Faleiro and Kauer, 2003) , placing this phenomenon within a timeframe appropriate for involvement in pair bonding. Amphetamine and cocaine both produce changes in glutamate release in VTA that are associated with behavioral sensitization (Kalivas and Duffy, 1998; Wolf and Xue, 1998) and that appear to be mediated primarily via a D 1 (Kalivas and Duffy, 1998; Ranaldi and Wise, 2001; Wolf and Xue, 1998) , but not D 2 (Wolf and Xue, 1998) , mechanism, suggesting that the effects of SCH23390 on RU-486-induced pair bonds may be mediated via the VTA. This notion is further supported by the finding that intra-VTA blockade of D 1 receptors reduced the reward value of self-administered cocaine (Ranaldi and Wise, 2001 ).
Other considerations
The observation that i.p. sesame oil injections alone could induce partner preference formation must be noted. Nutrients injected into the peritoneal cavity rapidly reach circulation (Gilsdorf et al., 1985; Mahedero et al., 1992; Torres et al., 1978) . In the case of oil, it is possible that such absorption may mimic the effects of oil ingestion. Ingestion of oil likely has a dopamine-mediated reward component since oil ingestion can induce a conditioned place preference that is blocked by haloperidol (Imaizumi et al., 2000) . Important here is that post-absorptive effects of nutrient ingestion also have a reward component (Lucas and Sclafani, 1989) . The expression of partner preferences after i.p. sesame oil injections would be consistent with activation of reward pathways. Importantly, partner preferences were not displayed after propylene glycol administration. This suggests that caution must be taken in designing and interpreting the results of studies in which females are estrogen primed to induce sexual receptivity since oil is often the vehicle for such treatments.
Finally, as mentioned earlier, the possibility that GR blockade may enhance reward in female voles would be unusual relative to other models. What might account for such a difference? It has been shown that the neuropeptide oxytocin interacts with systems that are involved in reward processing (Sarnyai et al., 1992) and oxytocin may exert its effects on pair bonding by modulating reward processing . Females of monogamous prairie voles differ from those of promiscuous voles in the distribution of oxytocin receptors (Insel and Shapiro, 1992) and concurrent activation of both oxytocin and dopamine receptors is necessary for pair bond formation (Liu and Wang, 2003) . Thus, the potentially unique oxytocin system displayed by prairie voles could account for the possibility that blockade of GR may be rewarding in female prairie voles.
